trafficking, or function. We used Cox regression, accounting for known prognostic factors, to estimate hazard ratios (HRs) associated with T cell counts and ratios. We found that the ratios of CD8 T cells and total CD4 T cells to Tregs were associated with improved overall survival (CD8/ Treg HR 0.84, p = 0.0089; CD4/Treg HR 0.88, p = 0.046) and with genetic variation in IL-10 (p = 0.0073 and 0.01, respectively). In multivariate analyses, the associations between the ratios and overall survival remained similar (IL-10 and clinical covariate-adjusted CD8/Treg HR 0.85, p = 0.031; CD4/Treg HR 0.87, p = 0.093), suggesting that this association was not driven by variation in IL-10. Thus, integration of novel tumor phenotyping measures with extensive clinical and genetic information suggests that the ratio of T cells to Tregs may be prognostic of outcome in ovarian cancer, regardless of inherited genotype in genes related to Tregs.
Introduction
While there have been significant improvements in surgical resection and chemotherapy for ovarian cancer, the disease Abstract The immune system constitutes one of the host factors modifying outcomes in ovarian cancer. Regulatory T cells (Tregs) are believed to be a major factor in preventing the immune response from destroying ovarian cancers. Understanding mechanisms that regulate Tregs in the tumor microenvironment could lead to the identification of novel targets aimed at reducing their influence. In this study, we used immunofluorescence-based microscopy to enumerate Tregs, total CD4 T cells, and CD8
+ cytotoxic T cells in fresh frozen tumors from over 400 patients with ovarian cancer (>80 % high-grade serous). We sought to determine whether Tregs were associated with survival and genetic variation in 79 genes known to influence Treg induction, Electronic supplementary material The online version of this article (doi:10.1007/s00262-015-1753-x) contains supplementary material, which is available to authorized users.
remains challenging cancer and survival has improved only marginally over the last two decades [1] [2] [3] . It is now understood that there are host characteristics, in addition to common clinical and pathologic characteristics (e.g., grade, tumor histology), which contribute to survival [4] [5] [6] . Ovarian cancer is naturally immune reactive, and the nature and extent of the immune responses have a pronounced effect on clinical outcomes [7] [8] [9] . Although the immune response against ovarian cancer is regulated at multiple levels, several studies have demonstrated that the malignancy is capable of establishing a dominant, complex, and hostile immune suppressive microenvironment, which likely limits the effectiveness of both the natural anti-tumor immune response as well of immunotherapeutic interventions [10, 11] . One potential strategy for targeted therapy in ovarian cancer is to disrupt this immune suppressive environment, thereby enabling the anti-tumor immune response to eradicate the malignancy.
Various immune cells are known to mediate immune suppression in ovarian cancer and include regulatory T cells (Tregs), dendritic cells (DCs), myeloid derived suppressor cells (MDSCs), and macrophages [10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The connection between pathogenesis of Tregs and prognosis in ovarian cancer was first suggested by Curiel who showed that infiltration of Tregs (as assessed by CD4 and CD25 staining) was associated with poor patient survival [15] . Other subsequently published studies have also suggested that Tregs have an important role in ovarian cancer pathogenesis and outcome [9, 26] . With the development of better marker sets for Tregs, our group recently demonstrated, in a small pilot study (n = 51 patients) leading up to the present study, that high-grade serous ovarian cancer is infiltrated with CD4 + CD25 + FOXp3 + Tregs and that a low ratio of infiltrating CD8 + T cells to these triplepositive Tregs is associated with poor survival [24] . Thus, Tregs are one potential cell to target and to disrupt local immune suppression in ovarian cancer. There are agents that are capable of depleting Tregs, including cyclophosphamide, IL-2, denileukin diftitox, and anti-CD25 antibodies; however, most fail to selectively deplete Tregs and have unacceptable adverse event profiles [31] [32] [33] [34] [35] . There need to be continued efforts at identifying targets that can be engaged for selective depletion of Tregs and reversal of the immune suppressive microenvironment in ovarian cancer.
We have recently undertaken large SNP-based genetic association studies aimed at identifying proteins that are critical to the trafficking, function, and/or generation of Tregs and reported several associations of genotypes only with ovarian cancer outcomes [36, 37] . Utilizing a subset of that genotyped data set, our main objective in the current study was to examine whether there is an association of Treg genotypes with the levels of tumor-infiltrating
FOXp3
+ Tregs and the combined associations correlate with clinical outcomes in epithelial ovarian cancer patients.
Materials and methods

Patients and clinical characteristics
Eligible patients were women with pathologically confirmed invasive epithelial ovarian, fallopian tube, or primary peritoneal cancer seen at the Mayo Clinic in Rochester, MN, between 1999 and 2010. Patients (n = 405) were enrolled within 1 year of diagnosis, provided a blood sample as a source of germline DNA, and gave written informed consent for use of fresh frozen tumor specimens as well as active and passive follow-up for vital status changes. The study was approved by the Mayo Institutional Review Board. Enrollment and biospecimen processing procedures have been published previously [24, 38] .
Staining and immunofluorescence analysis of tumor tissue specimens
Frozen tumor specimen blocks were cryosectioned (5 µm), fixed in acetone for 10 min, air-dried for 1 h, stored at −80 °C until use, and stained following procedures described previously in our pilot study [24] . Antibodies for FOXp3 (Abcam, Cambridge, MA), CD4 (Abcam), and CD25 (Abd Serotec, Raleigh, NC, USA) were used for triple staining of Tregs, and an antibody for CD8 (BD Pharmingen, San Diego, CA, USA) was used as a single stain. Single-stained cells were also counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 30 min. Representative images are shown in Fig. 1 .
Confocal microscopy and cell quantification
Stained slides were evaluated at 400× by confocal laser scanning microscopy as previously described [24] . The quantification of Tregs and CD8 T cells was performed manually by observers blinded to survival, demographic, and subtype data. A subset of randomly chosen specimens was read by two observers to ensure agreement/reproducibility. Total counts of cells from each field were recorded in either the triple-stained (CD4, CD25, and FOXp3) or double-stained (CD8 and DAPI) samples. Intraepithelial tumorinfiltrating Tregs were defined as CD4 + CD25
+
FOXp3
+ cells that displayed nuclear but not cytoplasmic FOXp3 [24] . The primary assessment of Treg or CD8 T cell quantification was the average Treg or CD8 T cell counts, respectively, across ten fields from each tumor sample.
Genetic data
Procedures for selection of genes and SNPs and for germline genotyping and quality control have been previously published [36, 37] . In brief, 79 genes some with known roles in induction, trafficking, or function of regulatory T cells were identified, and tagging variants were chosen using HapMap and 1000 Genomes Project data (Supplemental Table S1 ). Genotyping was done in two experiments using a custom Illumina GoldenGate array for 54 genes [36] and a custom Illumina Infinium iSelect BeadArray for 25 genes [37] ; IDO1 was included in both experiments and combined here. We excluded variants with call rate <95 % (minor allele frequency ≥0.05) or <99 % (minor allele frequency <0.05) and samples with call rate <95 % or predicted European ancestry ≤90 % [36, 37] .
Statistical analysis
Staining count data quality was assessed via box-andwhisker and scatter plots to evaluate possible trends over time and distributional characteristics. We determined that the FOXp3 stain failed during 4 weeks of the study. FOXp3 staining during this period was determined to be abnormally low during this period as compared to all other time periods. Thus, analyses for the FOXp3 endpoint are based on a subset of n = 348 patients. Three patients failed CD8 staining and three failed CD4 staining. Associations between staining counts and clinical characteristics were assessed using Wilcoxon rank-sum tests and Spearman correlation coefficients, as appropriate. Overall survival was defined as the time from initial diagnosis until death due to any cause; patients still alive were censored at the date of last follow-up. Associations between staining counts and overall survival were assessed using Cox proportional hazards models and Kaplan-Meier curves. Adjusted Cox models included the following variables multivariately associated with overall survival at p < 0.05: age at diagnosis (continuous), stage (I or II, III or IV), and residual disease following debulking surgery (<1 cm, ≥1 cm, unknown); staining counts were transformed to the log 2 (count + 1) scale for modeling.
Associations between inherited variation and staining counts were assessed on the gene level using linear models and principal components (PCs). Variants within each gene were summarized using PCs agnostic to staining results. The minimum PCs needed to account for 90 % of the total variation within each gene were then placed in a linear regression model with staining count as the dependent variable, again on the log 2 (count + 1) scale. Finally, for genes with PCs significantly associated with staining counts, the gene PCs and staining counts were jointly modeled in prediction of overall survival to assess multivariable associations between staining counts, host genetics, and outcome.
Results
Patient clinical characteristics
For the present study, a total of 405 patients with epithelial ovarian cancer were germline genotyped and their associated tumor specimens were analyzed for tumor-infiltrating Tregs (CD4
, CD4, and CD8 T cells. The patient characteristics are given in Table 1 . The median age at diagnosis was 63 years (range 28-86 years). The majority of patients (80 %) had high-grade serous carcinoma (HGSC), 86 % had advanced stage (III and IV) disease, and 84 % were optimally debulked. At a median follow-up of 42.2 months (range 0.3-165.6), 287 patients (71 %) were deceased.
Higher intratumoral CD8 T cell/Treg and CD4 T cell/ Treg ratios correlate with improved survival in ovarian cancer
Of the 348 evaluable specimens stained, the median average counts for CD4
+ Tregs (hereinafter referred to as Tregs) were 2. We then examined whether there were any correlations between levels of intratumoral Tregs, CD4 T cells, CD8 T cells, and standard clinical variables. We found that there was no association between Treg counts and stage (p = 0.469), subtype (p = 0.831), or presence of ascites (p = 0.672). Similarly, there was no association between CD8 counts and stage (p = 0.608), subtype (p = 0.088), or presence of ascites (p = 0.268). However, patients with optimal surgical debulking (<1 cm remaining) had lower Treg counts (median 2.3, IQR 1.0-3.8 vs. 3.3 per field; IQR 1.6-5.0, p = 0.007) and lower CD8 counts (3.1 per field; We next examined cell counts and ratios for associations with patient outcome as measured by overall survival (Table 2) . Consistent with what we previously described in the smaller pilot study [24] , Treg counts (log 2 ) alone were not associated with overall survival either univariately (HR 1.06, 95 % CI 0.94-1.20, p = 0.35) or after adjustment for clinical factors (HR 1.11, 95 % CI 0.96-1.27, p = 0.15). However, also consistent with our prior report, we did observe that higher CD8/Treg ratios (log 2 ) were associated with improved survival (HR 0.89, 95 % CI 0.79-1.00, p = 0.050), and this relationship strengthened considerably after adjusting for age, stage, and debulking (HR 0.84, 95 % CI 0.73-0.96, p = 0.0089) ( Table 2) . Kaplan-Meier analysis between CD8/Treg ratio quartiles and overall survival is shown in Fig. 2 , showing that higher CD8/Treg ratios appear to influence overall survival in patients that live longer than 3 years. Patients in the higher quartile demonstrated a median survival of ~58 months, while those in the lowest quartile had a median survival of ~46 months. Log 2 CD8 counts (HR 0.89, 95 % CI 0.80-1.01, p = 0.065) and log 2 CD8/CD4 ratio (HR 0.71, 95 % CI 0.49-1.04, p = 0.080) were also marginally albeit nonsignificantly associated with overall survival after adjusting for age, stage, and debulking. Lastly we also observed that higher CD4/Treg ratios (log 2 ) were associated with improved survival (HR 0.88, 95 % CI 0.77-0.998, p = 0.050) but only (Table 2) . Although not significant, Kaplan-Meier analysis between CD4/Treg ratio quartiles and overall survival is shown in Fig. 2b , showing a similar stepwise trend in survival.
Inherited variation shows modest association with Treg infiltration or the T cell/Treg ratios in ovarian cancer
One of the primary unique goals of this study was to potentially identify novel gene products that influence the role of Tregs in ovarian cancer outcomes, with our hypothesis that we could do this through examining for an association between gene variation and either the levels of Tregs or effector T cell to Treg ratios. To assess whether levels of Treg infiltration or respective ratios are associated with inherited genetic variability, we first summarized the gene variations across all of the variants within a gene using PCs analysis, agnostic to the observed Treg infiltration counts. The gene variation PCs were then modeled with measures of Treg infiltration (counts and ratios) in linear models to assess association between inherited gene variation and observed Treg infiltration. Table 3 lists the top genes associated with each infiltrating cell or ratios. Only two genes were found to be associated, albeit weakly, with the levels of Tregs, IL-15RA (p = 0.021), and IL6ST (p = 0.023). The genes most strongly associated (p < 0.05) with the CD8/Treg ratio were IL-10, CCL3, CD46, CCL19, and INHBA. The genes most strongly associated with the CD4/ Treg ratio were IL-10, IL-8, CCL4, MDFIC, and CCL3. For other infiltration measures, genes with highly suggestive associations included CCL11 (CD8, p = 0.0086) and CCL22 (CD8/CD4, ratio p = 0.0058) (Table 3 ). However, after accounting for multiple testing (79 genes and six different cell counts and ratios), there were no significant (p < 0.05) associations between gene-level variation and infiltration ratios. The complete list of genes of interest that were examined are detailed in Supplemental Table S1 , including the putative functions of the genes in Treg biology, the SNPs examined as well as identifiers. Supplemental Table S2 provides a complete list of PC analysis of all the genes.
Treg ratios, inherited variation, and correlation with clinical outcome in ovarian cancer
Given the observed association between the CD8/Treg ratio and overall survival in the study, we further explored this relationship in the context of inherited variation in IL-10, the gene most associated (p = 0.0073) with the CD8/ Treg ratio in order to examine whether host genetics may be influencing patient outcome through the intermediate of cellular infiltration. In a multivariable Cox model for overall survival adjusting for all three IL-10 SNPs, as well as the clinical covariates of age, stage, and surgical debulking status, the CD8/Treg ratio still remained associated with overall survival with a similar effect size (HR 0.85, 95 % CI 0.74-0.99, p = 0.031). Furthermore, in this model, the set of IL-10 SNPs was not associated with overall survival (p = 0.84) which was also observed when the CD8/Treg ratio was excluded from the model (p = 0.70). We also assessed this relationship with IL-10 SNPs and the CD4/ Treg ratio. Adjusting for all three IL-10 SNPs and the clinical covariates of age, stage, and surgical debulking status, the CD4/Treg ratio still remained marginally associated with overall survival with a similar effect size (HR 0.87, 95 % CI 0.74-1.02, p = 0.093) as the unadjusted models, while the set of IL-10 SNPs was not associated with overall survival (p = 0.79). Thus, although we did see a statistically significant interaction between IL-10 gene variation and both the CD4/Treg and CD8/Treg ratios, this variation in the IL-10 gene did not appear to influence the association between the Treg infiltration ratios and patient outcomes.
Discussion
Our comprehensive analysis of tumors from over 400 invasive epithelial ovarian cancer patients has shown an association between improved outcome and a higher ratio of both infiltrating cytotoxic CD8 + T cells and total CD4 T cells to Tregs and represents the largest study assessing triplestained CD4
+ Treg cells. Importantly, this relationship was apparent after adjusting for several known prognostic factors. However, we were unable to find strong evidence that the levels of Treg infiltration are modified by inherited genetic variation in genes that have previously been associated with Tregs.
Although we previously reported that triple-positive Tregs are associated with outcome when examined as a ratio with CD8 T cells in a pilot study, the present study has many significant differences. The pilot study only examined 52 high-grade serous patients (including 30 who were genotyped and included here), whereas the present studies examined 405 samples derived from all subtypes of ovarian cancers [24] . Furthermore, the design of the pilot was limited in that we selected two groups of optimally debulked advanced-stage patients, those with good outcomes (>60 months survival), and those with poor outcomes (<12 months), avoiding those with survival between 12 and 60 months. In the current study, we examined survival as a continuous variable, providing additional statistical power. The present study also more broadly represents invasive epithelial ovarian cancer as it included sub-optimally debulked patients and those at earlier stages and with low-grade malignancies.
It is well established that optimal debulking of advancedstage (III and IV) ovarian cancer is associated with greatly improved survival [39] [40] [41] . A unique finding in the present study was the association between reduced Treg and CD8 infiltration with optimal debulking. This finding points to a biological reason that related the ability to optimally debulk ovarian cancer patients. Factors that are known to impact the ability to optimally debulk patients with ovarian cancer, however, are largely technical and include assigning of a gynecologic oncology surgeon during the initial diagnostic surgery and the surgeon's ability and overall preference for conducting radical cytoreductive surgery, the latter of which results in higher rates of optimal debulking [39, 42] . However, it is highly unlikely that the extent of T cell or Treg infiltration would be associated with the technical variables described above. The findings, however, may point to the interpretation that tumors that are not optimally resectable may interact less with a patient's immune system for various reasons that could include lack of chemokine/ chemokine production, reduced expression of tumor associated antigens, or anatomic location.
Another unique finding from this study is that the total CD4 T cell to Treg ratio was statistically associated with improved survival. Research over the past three decades has shown that CD4 T cells are a markedly heterogeneous group of T cells representing multiple subsets such as Th1, Th2, Th17, as well as Tregs [43] . This heterogeneity is the likely reason that the CD4 marker, unlike CD8, has not been linked to improved survival in ovarian cancer. Importantly, staining with CD4 alone captures Tregs which in the present study we demonstrate constitute nearly one quarter of the infiltrating CD4 T cells. To better differentiate effector CD4 T cells from Tregs, additional markers need to be validated which would further provide important information as to which helper CD4 T cells (Th1, Th2, or Th17) have a prognostic role. The need to further evaluate the role of helper CD4 T cells is exemplified by a recent study, demonstrating that the levels of IL-17, a dominant cytokine product of Th17 T cells, have been associated with improved survival in ovarian cancer [44] .
Understanding the pathologic role of Tregs, which have the ability to suppress activated T cells in the ovarian cancer microenvironment, is important for developing new immune-based therapies and understanding a patient's prognosis. There are several drugs that are known to be useful as Treg-depleting agents such as cyclophosphamide, anti-CD25 antibody, or denileukin diftitox and are available for depletion of Tregs alone or combination therapy with novel vaccine or adoptive T cell therapy approaches [28, 31] . However, the lack of specificity and the adverse event profile associated with these agents prevents widespread use. Thus, it is particularly important to continue to identify pathways and proteins that can be specifically targeted to selectively deplete Tregs, while retaining infiltration of other anti-tumor T cells, including CD8 cytotoxic T cells and CD4 helper T cells. The objective in the current study was to determine whether we could use genetic variation as a means of identifying new targets for Tregs. Specifically, we hypothesized that genetic variation may be responsible for the variation observed in Treg infiltration, which could then be linked with overall survival. We previously reported that overall survival was associated with inherited variation in Tregassociated genes IL2RA and CD80 (among patients with endometrioid subtype), CTLA4 and RGS1 (among patients with clear cell subtype), and LRRC32 and TNFRSF18/ TNFRSF4 (among patients with mucinous subtype) [36, 37] . Despite these interesting findings, we did not find any compelling associations for the more predominant serous subtype of ovarian cancer in those studies, and because these associations occurred among patients with rare histologic subtypes, we could not examine them in relation to the Treg infiltration studied here. This trade-off of sample size and detailed tumor phenotyping exemplifies one of the challenges faced in integrative molecular epidemiology.
In the present study, when we examined the relationship between Treg infiltration and genetic variation using the entire group of specimens, we were unable to see any associations that were significant enough to withstand correction for multiple testing. This reinforces the observations that while inherited factors, including common variants [45] [46] [47] [48] [49] , clearly play a role in the etiology of ovarian cancer, they have been more difficult to characterize in relation to survival outcomes, particularly as linked through histologic findings, such as Treg infiltration. The most likely reason for the lack of detectable association of genetic variation with Treg infiltration or the CD8/Treg ratio is statistical power. We believe that the penetrance of the genetic variation may be too subtle to pick up with a relatively small sample of only 400 patients and a complex immune measurement. Therefore, we cannot rule more modest effects of genetics on the Treg infiltration or CD8/Treg ratio. The most statistically significant association was between IL-10 gene variation and the CD8/Treg ratio. Interestingly, we also observed that genetic variation in the IL-10 gene was associated albeit more weakly with the CD4/Treg ratio. While power and multiple testing currently limit the interpretation of these results, the IL-10, which encodes the IL-10 protein cytokine, has well-established connections to CD8, CD4 T cell, and Treg biology [50] [51] [52] . Specifically, this would be consistent with a model in which Treg-derived IL-10 prevents proliferation of effector T cells in the tumor microenvironment, thereby modifying the respective effector T cell to Treg ratios.
In summary, through detailed analysis of genotyped ovarian cancer patients with immunofluorescence-stained fresh frozen tumors, we found that higher CD8 and CD4 T cell to CD4 
